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Abstract

The trade-off between lifespan and reproduction is central to our understanding of life-history evolution.
Laboratory selection experiments have been a powerful tool for quantifying this trade-off, but these
tend to be restricted in taxonomic scope, which may limit our understanding. In addition, research often
focuses on the trade-off between lifespan and reproductive effort in females, and far less data test how
lifespan trades-off with different aspects of male reproduction (e.g., pre- and post- copulatory
reproductive investment). Here we examined the trade-off between lifespan and reproduction in females
and males of the marula fruit fly, Ceratitis cosyra, (Walker) (Diptera: Tephritidae). To do so, we
selected downward or upward on age of peak female egg laying in C. cosyra for twenty generations. In
multiple generations, we measured female and male lifespan and body size, female daily and lifetime
fecundity, male courtship and mating success, as well as the number of sperm transferred at different
ages and sperm storage asymmetry in spermathecae. Our selection regime appeared to achieve its aim;
egg laying peaked earlier in females from downward selected lines than upward selected lines. The
number of sperm transferred by males decreased in the upward selected flies, but other male
reproductive traits remained the same across selection regimes. In contrast, with the wider literature,
upward-selection did not extend the lifespan of females or males after ten generations of selection.
While lifespan in both sexes responded to selection on female egg laying schedules, it did not do so in
a straightforward way. Moreover, male investment in reproductive traits was largely independent of
selection regime. These counter-intuitive findings highlight the importance of working with a broad

range of species and of considering the trade-off between reproduction and lifespan in both sexes.
Significance statement

The trade-off between lifespan and reproduction has been extensively studied in model species using
various types of laboratory selection. A limited number of species have been considered using this
approach, and the majority of the studies have focused on female, rather than male, reproductive effort.
Here, we selected downwards and upwards on age of female reproduction in the marula fruit fly and

measured survival, female fecundity, reproductive schedule, as well as male sperm transfer, sperm



storage asymmetry, mating and calling success. We found a moderate trade-off between lifespan and
early fecundity in downward selected flies, whereas no obvious trade-off was observed in upward
selected lines. Regardless of the selection regime, reproductive scheduling was affected in females but
not in males, while lifespan was affected in both sexes. Our results show that the timing of reproduction
can evolve independently across the sexes, highlighting the importance of studying both females and

males.
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Introduction

Life-history theory considers how organisms schedule key fitness-determining events over their lives,
such as how fast and large to grow, how many offspring to produce and when to invest in maintaining
the soma (Stearns 2000). Life-history traits can be connected by trade-offs, where increased expression
of one trait that improves overall fitness has negative consequences for a second trait (Stearns 1989;
Roff and Fairbairn 2007). Perhaps the most well-documented of these trade-offs involve the costs of
reproduction, whereby increased investment in current reproductive effort results in reduced lifespan or
future reproductive success (Edward and Chapman 2011). Trade-offs involving the cost of early
reproduction are central to both the antagonistic pleiotropy (Williams 1957) and the disposable soma
(Kirkwood 1977) theories of ageing. Accordingly, trade-offs between reproduction and lifespan have

been studied in an array of species, at different levels of analyses and using a variety of approaches.

Within species, physiological trade-offs between lifespan and reproduction (i.e., those that manifest
within individuals in the same generation; Flatt and Schmidt 2009) have been detected in studies
quantifying phenotypic correlations between traits (e.g., McLean et al. 2019) and in studies that
manipulate phenotype. For example, male Australian field crickets (Teleogryllus commodus) fed high
protein diets invest heavily in early life reproduction (i.e., call intensely to attract a mate) even though
this reduces their lifespan, whereas males fed low protein diets invest less intensely in early reproductive
effort but live longer (Hunt et al. 2004). Physiological trade-offs have been identified via manipulations

of the genetic pathways that are predicted to underpin those trade-offs, for example, by ablating the



germ line (Barnes et al. 2006; Flatt et al. 2008). Evolutionary trade-offs (i.e., those that manifest at
population level; Flatt and Schmidt 2009) between reproduction and lifespan have been identified by
measuring genetic correlations between traits (Roff and Fairbairn 2007; Archer et al. 2012) or by
assaying correlated responses to selection via artificial selection, experimental evolution or breeding
experiments (Edward and Chapman 2011). For example, numerous classic artificial selection and
experimental evolution studies using Drosophila as a model have shown that selecting for late life
reproduction increases lifespan, and that selecting for longer lifespan usually decreases early life
reproductive effort (reviewed comprehensively by Flatt 2020). Finally, comparative studies show that
across species, short-lived species are slower to reach reproductive maturity and often have lower
fecundity over their lifetime (Salguero-Gomez et al. 2016; Salguero-Gémez and Jones 2017). However,
this comparative fast-slow pattern is by no means universal and much stronger when comparing higher

taxonomic levels (Stearns and Rodrigues 2020).

While trade-offs between reproduction and lifespan are widespread, they often differ in magnitude
across the sexes. For example, the trade-off between lifespan and reproduction is often more
pronounced in females than in males (Bonduriansky et al. 2008; Zajitschek et al. 2009; Adler et al.
2013; Bolund et al. 2016) and this is typically attributed to sex-differences in the cost of producing
offspring (Zajitschek et al. 2009; Bolund et al. 2016). For example, eating a restricted diet tends to
improve lifespan (Nakagawa et al. 2012; Simons et al. 2013) while reducing reproductive effort (Moatt
et al. 2016). Moreover, the impacts of this dietary manipulation on reproduction generally appear to be
stronger in females than males. However, while dietary restriction studies frequently measure effects
on lifespan in both sexes (Nakagawa et al. 2012), data on the effects of dietary restriction on
reproduction typically comes from females, with few studies measuring effects on male reproduction
in a biologically meaningful way (i.e., capturing the full costs of male reproductive investment) (Moatt
et al. 2016). For this reason, apparent sex-difference in the magnitude of responses to dietary restriction
may reflect experimental design rather than a genuine biological signal. Similarly, artificial selection
and experimental evolution studies selecting on either lifespan or reproductive scheduling in a variety

of laboratory species often measure effects on lifespan in both sexes, but tend to only measure effects



on female age-dependent fecundity (Rose and Charlesworth 1981; Luckinbill et al. 1984; Rose 1984;
Arking 1987; Tucié et al. 1990; Engstrom et al. 1992; Partridge and Fowler 1992; Zwaan et al. 1995;
Miyatake 1997; Partridge et al. 1999; Sgro and Partridge 1999; Stearns et al. 2000; Scannapieco et al.
2009; Anderson et al. 2011; Flatt 2011; Remolina et al. 2012; Chen et al. 2013; Carnes et al. 2015;
Pordevi¢ et al. 2015; May et al. 2019; Foucaud et al. 2020). There are some exceptions, for example,
experimental evolution studies in D. melanogaster (Borash et al. 2007), the nematode Caenorhabditis
remanei (Chen et al. 2016), seed beetles (Berg and Maklakov 2012) and crickets (Hunt et al. 2006)
selected on lifespan, age-dependent mortality risk or reproduction and assayed effects on male
reproduction. Moreover, it is important to highlight that research using alternative methods (e.g.,
quantitative genetic breeding designs or inbred lines) have quantified the relationship between lifespan
and reproductive traits in both sexes (Hughes 1995; Zajitschek et al. 2007; Archer et al. 2012; Archer

et al. 2013).

A tendency to measure reproductive effort mort frequently in females rather than males in these studies
might be due to the difficulty of measuring male reproductive investment, but also may reflect
complications in understanding how selecting on reproductive scheduling affects males in insect
models, given female capacity to store sperm for future fertilisation of eggs (Fritz 2004; Twig and Yuval
2005; Pérez-Staples et al. 2007; Schnakenberg et al. 2011; Wolfner 2011; Degner and Harrington 2016;
Zajitschek et al. 2019). Without knowing how often females remate, for how long females store sperm,
or the prevailing sperm precedence rules, it becomes challenging to know exactly how selecting on
reproductive timing affects males. Regardless of why our understanding of the trade-off between
lifespan and reproduction is based primarily on female data, the consequence is that our understanding
of sex-differences in the costs of reproduction, and how these costs affect lifespan, may be somewhat

skewed.

In addition to apparent sex differences in the trade-off between reproduction and lifespan, there is some
evidence that the magnitude of this trade-off seems to be more pronounced in model organisms. For
example, the effects of dietary manipulations on reproductive effort (Moatt et al. 2016) and lifespan

(Nakagawa et al. 2012) are greater in species including yeast, nematodes, rodents and vinegar flies. This



is problematic because so much of our understanding of life-history trade-offs comes from model
species. Studies using a laboratory selection regime to investigate the trade-off between lifespan and
reproduction, or early and late life reproduction, have typically involved Drosophila melanogaster
(Luckinbill et al. 1984; Rose 1984; Partridge and Fowler 1992; Stearns et al. 2000) and to a lesser
extent, nematodes (Anderson et al. 2011; Carvalho et al. 2014) or beetles (Berg and Maklakov 2012).
Such restricted taxonomic scope may be problematic when tackling evolutionary questions (Russell et
al. 2017), and this is particularly true given the tremendous diversity of life-history strategies in nature
(Jones et al. 2014). Altogether, this means that while the trade-off between reproduction and lifespan
has been the subject of intense investigation for decades, there remains a paucity of data in males and

non-model organisms.

Here, we used experimental evolution to examine the trade-off between lifespan and reproduction in
females and males of the marula fruit fly, Ceratitis cosyra (Walker) (Diptera: Tephritidae). Several
studies have documented the trade-off between lifespan and fecundity in females of various species of
tephritids (Miyatake 1997; Carey et al. 2005; Carey et al. 2008a; Carey et al. 2008b; Fanson et al. 2009;
Carey and Molleman 2010; Papadopoulos et al. 2010; Carey 2011; Fanson et al. 2012; Fanson and
Taylor 2012; Chen et al. 2013; Papanastasiou et al. 2013; Yap et al. 2015; Malod et al. 2017; Roets et
al. 2018; Carey et al. 2020; Malod et al. 2020a; Malod et al. 2020b). Among these species, C. cosyra is
one of the longest-lived (on average 104 to 161 days) (Roets et al. 2018; Malod et al. 2020a) and thus
provides an interesting comparison to the much shorter-lived (ca., 30 to 60 days at 25°C; Moton et al.
2020) model organism, D. melanogaster. We utilised selection regimes similar to those seen in classical
Drosophila studies: we selected on age of oviposition such that only females that survived up to egg
collection contributed to the next generation in the upward selected regime (Rose 1984; Arking 1987).
In addition to survival and female fecundity, this study assayed a wide range of male reproductive traits
that are associated with both pre- and post-copulatory reproductive effort (age-dependent courtship
behaviour, mating success, sperm transfer and sperm asymmetry) to better quantify any trade-offs
involving males. Sperm storage asymmetry was included in our assessment of male reproductive traits

because biased sperm storage in the spermathecae of mated females represents an opportunity for sperm



competition to occur, which can then affect paternity by the first-mated male (Perez-Staples and Aluja
20006). Finally, the experiment ran over twenty generations to track the temporal changes in each
investigated life-history trait, as correlated changes between traits can disappear or be reversed over
generations (Archer et al. 2003) and phenotypes can cease to evolve in response to the selection regime

(Kawecki et al. 2012).

We anticipated that our selection regimes would affect reproductive scheduling in both sexes, with
downward selected lines investing in reproduction at an earlier age and upward selected lines
postponing reproductive effort. We also predicted that selecting on female age of oviposition would
affect male reproductive schedules in a similar way to females. This is because in other tephritid species,
including the close relative C. capitata, there are signs of sperm competition and last male precedence
(Bertin et al. 2010; Shelly 2018). Therefore, males that reproduced close to the age of female egg laying

should have an advantage and thus, we were also selecting on males in a similar fashion.

Materials and Methods

Fly husbandry

Infested mangoes from across Mpumalanga province, South Africa, were collected and pupae of C.
cosyra retrieved. The wild flies emerging from these pupae were used to establish a culture that was
maintained at ~ 23° C in a climate room with a 14:10 light:dark photocycle. To create optimal mating
conditions, the first and last hour of the light phase simulated dawn and dusk with 8 W fluorescent tubes
(T4, Eurolux, Sandton, South Africa) that were placed obliquely to the fly culture and turned on before,
and turned off after, the main room lights. The remaining room lights, comprising a combination of 20
W (G5, Eurolux, Sandton, South Africa) and 58 W (58W/840, Osram, Germany) fluorescent tubes were
also turned on for the remainder of the light period. Adults were kept in groups of ca. 200 fliesin 5 L
plastic cages with unrestricted access to food (hydrolysed yeast and sugar in separate dishes) and water
(water-soaked cotton wool). At 15 days after emergence, wild males were crossed with females from a
laboratory culture provided by Citrus Research International (Nelspruit, South Africa). This step

introduced wild genetic diversity while also retaining the tendency for culture females to oviposit into



an artificial substrate. The next generation was obtained by allowing laboratory females mated with
wild males to lay eggs on a 125 mL plastic container (Plastilon, South Africa) covered with a layer of
laboratory film (Parafilm M, Bemis, USA) pierced several times. Tissue paper soaked with 3 mL of
guava juice (Hall’s concentrate, Tiger Consumer Brands Limited, Bryanston, South Africa) was placed
in the plastic container to encourage females to oviposit through the film. Eggs were then washed out
of the artificial substrate with water and placed on 125 mL of a carrot-based larval rearing medium
(Citrus Research International, Nelspruit, South Africa) in a plastic container at an approximate density
of 2.5 eggs/mL of medium. The container of larval rearing medium was then placed in a 2 L plastic box
with a layer of sand and a ventilated lid. After 15 days, during the pupal phase, the sand was sifted and
the retrieved pupae placed in a Petri-dish (¢ 65 mm) and transferred into a 5 L. cage with unrestricted

access to food and water for emerging adults.

Selection regime

Selection began three generations after laboratory females had been crossed with wild males and a
strong culture had been established. We selected on the age of oviposition by only providing an
oviposition substrate (a 125 mL plastic container with guava juice-soaked tissue paper) when flies were
5 days old (downward selected, DS), 15 days old (control, CT) or 25 days old (upward selected, US).
In our laboratory, 15 days is the average age when eggs are collected from this species and is also when
oviposition peaked in earlier studies (Manrakhan and Lux 2006; Roets et al. 2018). Downward selection
was performed at 5 days old and not earlier in order to allow enough individuals to mate and contribute
to the next generation, as Manrakhan and Lux (2006) found fewer than 5% of C. cosyra mating within
one week of emergence. For similar reasons, upward selection at 25 days rather than an older age was
to ensure that enough females would contribute to the subsequent generation due to a gradual decline
in oviposition from three weeks of age (Manrakhan and Lux 2006). This was to maintain populations
of ca. 200 flies per replicate and avoid the risk of a population collapse and inbreeding. More eggs were
collected in a generation preceding a test generation to ensure that enough flies would remain to produce
eggs for the following generation after that test flies had been taken out. In addition, after collecting

eggs for the next generation, populations from the previous generation were maintained until successful



hatching of the next generation’s eggs as security, in case too few flies emerged to establish the next
generation. For each of the three selection lines (DS, CT and US) we established five replicate
populations. We maintained the selection regime for 20 generations. Lifespan and reproductive effort
assays were performed for each line at generations 0 (Go), 4 (Gs), 10 (Gio), 15 (Gis) and 20 (Gzo).

Because flies were selected on age of oviposition, selection lines inevitably differed in their assay date.

Female reproductive effort

Within a day of emergence, 50 females from each selection regime were placed into individual cages
(n = 10 per replicate, per selection regime) for each of the five generations assayed. Each cage
comprised a 125 mL plastic cup with another cup nested inside with the base removed. The containers
were covered with insect screen secured by two rubber bands. The flies were provided with filtered
water through the insect screen with 200 pL pipette tips loosely capped at the wide end with putty-like
pressure-sensitive adhesive (Prestik, Bostik, South Africa) to minimise evaporation. Sugar and
hydrolysed yeast (Yeast Extract Powder, Biolab, Merck, Germany) were provided in the lids of two 2
mL microcentrifuge tubes. Mortality was recorded daily, and food and water were replaced when close
to being depleted or if the sugar liquefied (due to its tendency to absorb water vapour). The design of
the cage provided an easy means of replacing food and egg dishes (see below) without females escaping
(by removal of the intact bottom cup containing the food, and simultaneously sliding the other cup

containing the fly onto a table).

An artificial egg laying dish was added to each of the containers. The egg laying dish comprised a black
screw-top lid (volume = 5 mL, diameter = 32 mm) containing a 1:10 orange essence-water solution
(Robertsons, Johannesburg, South Africa) and covered with a double layer of laboratory film, pierced
ten times with an entomological pin. Every five days, egg dishes were removed and replaced, and the
number of eggs laid by each female was counted. The total number of eggs laid by females during their
lifetime was calculated as the sum of all five-day oviposition intervals, and the average number of eggs
per day as the total number of eggs divided by lifespan. The day of peak egg production was the day at
the end of the five-day oviposition interval during which the maximum number of eggs were obtained
from a female.
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Male reproductive effort

For each selection regime and at each generation assayed, groups of 50 males were taken from each
replicate shortly after emergence and kept in separate 2 L plastic cages to prevent mating. At ages 5, 15
and 25 days (in results ts, tis and t»s), focal males were paired with virgin females from an unselected
laboratory culture one hour before the simulated dusk. This species only mate at dusk and new mating
does not occur after darkness (personal observation). For each generation, selection regime, age, and
replicate, six pairs were assayed. The females used as mates were all between 10 and 20 days old to
minimise the effect of female age on male reproductive measurements. The pairs were placed into
cylindrical transparent plastic containers (height = 52 mm, diameter = 35 mm) for easy observation.
Pairs were observed until all lights turned off (two hours) to record if male calling and mating occurred.
Due to the tendency of C. cosyra to mate for up to 12 hours (personal observation), flies were left to

mate overnight.

The following morning, females that were observed mating were dissected under a stereo microscope
to analyse sperm transfer, using methods described by Roets et al. (2018). A total of 110 females were
dissected (CT: ts =23, t;5 =17, t,s = 17; US: ts = 19, t;5 = 13, to5 = 21). Spermathecae of females were
removed and placed individually into 15 pL drops of water on microscope slides. Each spermatheca
was then crushed with an entomological pin attached to a thin wooden dowel. The crushed spermatheca
was then spread by vigorous stirring for 30 seconds before covering it with a 22 x 22 mm cover slip.
The slides were left to dry for 2-3 days before gluing the corners of the coverslip to the slide using clear

nail varnish.

The number of sperm transferred were estimated using a phase contrast microscope (BX43, Olympus
Corporation, Japan) and methods described in Taylor et al. (2000). In summary, a matrix of 25 fields
of view at 100 x magnification (17.36% of the coverslip area) were selected. The number of sperm
counted in this area was multiplied by 5.76 to estimate the total number of sperm stored per
spermatheca. If no sperm were found in the 25 fields checked, the whole slide was checked to confirm

absence of sperm.
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Survival

For each generation assayed, within 24 hours of emergence, 10 females and 10 males from each
selection regime and replicate were transferred to individual cages as described for the female
reproductive experiment (i.e., 50 females and 50 males for each generation). Females used for the
survival experiment were not tested for reproductive effort. Mortality was recorded daily, and food and
water were replaced when close to being depleted or if sugar liquefied. At death, flies from the survival

experiment were individually placed in a 2 mL microcentrifuge tube and stored at -20°C for later

determination of head width as a proxy for fly size (see below).

Head width

Head width was measured for a subset of flies from the survival experiment to assess potential effects
of selection on fly size. Flies were decapitated and the heads were individually placed, face up, on the
stage of a stereo microscope (SZ61, Olympus Corporation, Japan) fitted with a digital camera (Dino-
eye, C-mount; AnMo Electronics Corporation, Japan). A photograph of each head was taken at 4 x
magnification. A microscope stage calibration slide (0.1 mm) was also photographed during the same
session to calibrate head measurements. Head width was then determined as the distance between the
external side of each eye using Imagel software (National Institute of Health, Bethesda, Maryland,
USA). For each selection regime, head width was measured for 25 females and 25 males (n = 5 per sex,
per replicate) when possible. Some selection regimes had fewer observations due to sample degradation

(i.e., damaged eye).

Data analyses

Statistical analyses were performed in R (v 3.5.3, The R Foundation for Statistical Computing).
Generalised linear mixed effects models were used to analyse the reproductive traits with Poisson (total
eggs and sperm transfer), gamma (day of peak egg production, eggs per day), binomial (courtship or
mating success) or quasi-binomial distributions (sperm storage asymmetry) with selection regime and
generation included as a fixed effect. A hierarchical random structure with generation nested in replicate

and replicate nested in selection (hierarchical random structure: Selection(Replicate(Generation))) was
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included as a random effect, except in models where the variance of the random structure or the random
variance of one of the nested factors was null. In these cases, we removed the factor(s) with the null
random variance(s) from the hierarchical structure and used a generalised linear mixed effects model,
or we used generalised linear models if the entire hierarchical random structure had a null variance. The
nested random effect was necessary to take into account the effect of replicate, and for the purpose of
the statistical analyses, replicates of each selection regime were not assigned the same numbers. Other
explanatory variables in each model are detailed below. Models were built using the functions “glmer”
or “glm” from the “Ilme4” package (Bates et al. 2015). Where appropriate, we corrected for over-
dispersion in generalised linear mixed effects models by adding an observation level random effect
(Harrison 2014). If a significant effect was detected, post hoc pairwise comparisons tests of the
estimated marginal means were performed using the function “emmeans” (Russell 2020). Using the
“emmeans” function returns an estimate that is the difference between the two compared groups and

indicates the direction of the difference; these estimates are reported below.

Because zero values prevent use of the gamma family, if the number of eggs laid per day for a female
was zero, this value was replaced with the smallest value of the dataset for this trait and divided by ten.
To determine the effect of selection, generation and age on the total number of sperm transferred to
spermathecae, the sperm storage asymmetry, and the propensity of males to call and mate, selection
regime, generation and age, as well as their interactions were included as fixed effects. No random
effect was included in the model for sperm transfer and sperm asymmetry because of the null variance
of the hierarchical random structure. A logistic regression was used for sperm storage asymmetry, where
the spermathecae with the most and fewest sperm were combined using the “cbind” function. We
corrected for overdispersion by using a quasi-binomial (sperm asymmetry) or quasi-Poisson (sperm
transferred) distributions (see Chapter 16 of Crawley (2013)). To determine which groups stored
significantly more than 50% of sperm in one spermatheca (representing no asymmetry), we visually
inspected whether the 95% confidence intervals of the estimated marginal means overlapped 50% (see

Figure S1).
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To determine the effect of selection, generation and sex on survival, a Cox proportional hazards model
with a hierarchical structure was performed using the “coxme” function from the “survival” package
(Therneau 2015). The function “cox.zph” from the same package was used to test the proportional
hazards assumption. Selection regime, generation, sex and their interaction were fixed effects in the
model, while a hierarchical structure with generation nested in replicate and replicate nested in selection
was included as a random effect (hierarchical random structure: Selection(Replicate(Generation))). The
nesting structure was used to differentiate the replicates between selection regimes. If a significant effect
was detected, post hoc pairwise comparisons tests of the estimated marginal means were performed. In
this particular case, the “emmeans” function returns the estimated proportional hazards for each group
and a contrast comparison that is the ratio between the two compared groups. A ratio of 1 indicates that
both groups have equal mortality risk, whereas a ratio significantly superior or inferior to 1 indicates

that first group has a lower (ratio < 1) or higher (ratio > 1) risk of mortality than the second one.

Head width was analysed using an analysis of variance with selection regime, generation and sex as
fixed effects. Random effect of replicate was not included due to the random factor having a null
variance. Step-wise selection of the minimal adequate model was performed using the “step” function.
If a significant effect was detected, post hoc pairwise comparisons tests of the estimated marginal means
were performed. A series of Pearson’s product moment correlations were performed to evaluate the

association between head width and mean lifespan within each selection regime.

Results

Female reproductive effort

The timing of peak egg laying (i.e., the greatest number of eggs laid in a 5-day window) was affected
by an interaction between selection regime and generation (Table 1) (Fig. 1a). Prior to Gis, the timing
of oviposition was consistent across lines, and then differences began emerging in the direction
predicted. At Gis, DS females oviposited earlier than the CT and US females (CT vs DS: estimate =
0.50, p = 0.006; DS vs US: estimate = -0.83, p < 0.001), while no significant difference was observed

between CT and US flies. At Gy, oviposition was still significantly earlier in DS females than CT or

14



US females (CT vs DS: estimate = 0.65, p < 0.001; DS vs US: estimate =-1.07, p <0.001). In addition,

egg laying peaked later in US than CT females at Gy (estimate = -0.41, p = 0.041).

Table 1 Analyses of female reproductive effort using generalised linear and generalised linear mixed models

in control, downward-selected or upward-selected flies

Effects %2 df p
Lifetime egg production

Selection 2.44 2 0.295
Generation 8.02 4 0.091
Selection x Generation 32.41 8§ <0.001
Eggs per day

Selection 5.63 2 0.059
Generation 19.14 4 <0.001
Selection x Generation 22.73 8 0.004
Peak egg production

Selection 0.65 2 0.721
Generation 4.75 4 0.313
Selection x Generation 33.32 8 <0.001
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Figure 1 Reproductive effort of C. cosyra females issued from control (CT), downward- (DS) and upward-
selected (US) lines across five generations. The values displayed are the average day of peak egg production (a),
average daily egg production (b) and average lifetime egg production (c) of virgin females individually kept in a

container. The error bars represent the standard error of the mean
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The effects of selection on female lifetime fecundity differed between generations (Table 1) (Fig. 1b):
fecundity rose from the unselected flies (Go) to G4, where US females laid significantly more eggs than
the unselected population they originated from (Go vs Ga: estimate = -1.18, p <0.001). Fecundity rose
higher still until Gio where all selection lines had higher fecundity than the unselected starting
population (Go vs Gio: CT: estimate = -0.86, p = 0.009; DS: estimate = -0.79, p = 0.019; US: estimate
=-1.40, p < 0.001). However, after Gio there was a decline in fecundity in US females only, with more
eggs being produced at Gio than at Gys and G (Gio vs Gis: estimate = 0.73, p = 0.044; Gio vs Goo:
estimate = 0.92, p = 0.004). Although this was not significant, we observed fewer eggs being laid by

US females than CT ones at Gy (CT vs US: estimate = 0.55, p = 0.098).

A selection by generation interaction also affected daily egg production (Table 1) (Fig. 1c). Significant
differences in daily fecundity emerged from Gis. At Gis, DS females laid the most eggs per day (CT vs
DS: estimate = -0.66, p = 0.031; DS vs US: estimate = 1.29, p < 0.001) and no difference was observed
between CT and US females. However, US females produced fewer eggs per day than CT and DS
females at G (CT vs US: estimate = 0.82, p = 0.005; DS vs US: estimate = 1.04, p < 0.001), while

daily fecundity of DS lines did not differ from the CT lines.

Male reproductive effort

Courtship was affected by an interaction between generation, selection regime and male age (Table 2)
but there was no consistent pattern in these effects (Fig. 2a,b,c). The only differences between selection
regimes were found at G4, where at 15 days of age CT and DS males called less than US males (CT:
estimate = -2.69, p = 0.039; DS: estimate = -3.10, p = 0.005) (Fig. 2b) and at 25 days of age, CT males
called less than DS males (estimate = -2.26, p < 0.001) (Fig. 4c). There was no significant main effect

of selection regime, generation or age (Table 2).
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Table 2 Analyses of male reproductive effort using generalised linear and generalised linear mixed models

in control, downward-selected or upward-selected flies

Effects %2 df p
Courtship

Selection 4.85 2 0.088
Generation 4.55 4 0.337
Age 0.78 2 0.675
Selection x Generation 13.71 8 0.089
Selection x Age 7.79 4 0.112
Generation x Age 25.84 8 0.001
Selection x Generation x Age 41.17 16  <0.001
Mating

Selection 0.79 2 0.672
Generation 1.15 4 0.885
Age 0.14 2 0.932
Selection x Generation 13.34 8 0.101
Selection x Age 3.14 4 0.535
Generation x Age 8.16 8 0.417
Selection x Generation x Age 45.19 16 <0.001
Sperm transfer

Selection 8.89 2 0.011
Generation 7.03 4 0.134
Age 113.88 2 <0.001
Sperm storage asymmetry

Selection 0.55 2 0.758
Generation 0.35 4 0.986
Age 30.34 2 <0.001

*The minimal adequate model included only the main effects of selection regime, generation and age without

their interactions.

Mating success was affected by a three-way interaction between male age, selection regime and
generation (Table 2) (Fig 2d,e,f). As for the propensity of males calling, there was no consistent pattern.
Differences between selection regimes were only found at two generations and were age dependent. At
Gy for the 15-day old groups, more males mated in the CT and DS lines than the US lines (CT: estimate
=2.63, p=0.003; DS: estimate = 3.18, p < 0.001) (Fig. 2¢e), whereas 25-day old CT males mated less
than US counterparts of the same age (estimate =-1.56, p = 0.015) (Fig. 2f). Moreover, mating success

was lower in CT than DS lines at Gy and 25-day old (estimate = -1.60, p = 0.037) (Fig. 2f).
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Figure 2 Reproductive behaviour of C. cosyra males issued from control (CT), downward- (DS) and
upward-selected (US) lines at three different ages and across five generations. The values displayed are the
proportions of males that called (a, b, ¢) and mated (d, e, f). At ages 5 (a, d), 15 (b, e) and 25 (c, f), males were

individually paired with a virgin female of 10 to 20 days of age from an unselected laboratory culture

Selection regime and male age affected sperm transfer (Table 2). CT males transferred significantly
more sperm than US ones (estimate =0.19, p=0.012), but there were no significant differences between
CT and DS males or DS and US males (Fig. 3a). In addition, 5-day old males transferred significantly
fewer sperm than their older counterparts (15 days: estimate = -0.56, p < 0.001; 25 days: estimate = -
0.69, p < 0.001), and no significant difference was observed between 15- and 25-day old males (Fig.

3a) regardless of the selection regime.
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Figure 3 Sperm transfer and sperm storage asymmetry of C. cosyra from control (CT), downward- (DS)
and upward-selected (US) lines at three different ages and across five generations. The values displayed are
the average of sperm transferred by males to females’ spermathecae (a, b, ¢) and the average proportion of sperm
stored in the spermatheca with the most sperm (d, e, f). At ages 5 (a, d), 15 (b, e) and 25 (c, f), males were
individually paired with a virgin female of 10 to 20 days of age from an unselected laboratory culture. The error
bars represent the standard error of the mean. Error bars at G4 for the US males at 15 days of age are not represented
because only two males transferred sperm, group sizes are indicated above the bars in panels d to f. The asterisks

in panels d to f indicate which bars significantly differ from 50%

Sperm storage asymmetry was only affected by male age (Table 2). Asymmetry was greatest in
spermathecae of females mated with 15-day old males (5- vs 15-day old: estimate = -0.14, p < 0.001;

15- vs 25-day old: estimate = 0.17, p < 0.001) (Fig. 3b). There was no significant difference in sperm
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asymmetry in spermathecae of females mated to 5- and 25-day old males. Sperm storage asymmetry
significantly differed from 50% at 15 days of age in all selection regimes and generations except for
US flies at Gs. There was also significant asymmetry in CT flies at 5 days of age in all generations.
Significant asymmetry was also observed in all selection regimes in 5-day old flies at Gz, and at the

same generation, asymmetry was significant in 25-day old flies from the CT lines.

Table 3 Analyses of survival and head width using Cox proportional hazards and linear models in control,

downward-selected or upward-selected flies

Effects %2 df p
Survival
Selection 6.77 2 0.034
Generation 68.27 4  <0.001
Sex 13.34 1 <0.001
Selection x Generation 57.47 8 <0.001
Selection x Sex 2.49 2 0.287
Generation x Sex 10.65 4 0.031
Selection x Generation x Sex 4.90 8 0.767
Head width
Selection 0.01 2 0.087
Generation 0.52 4  <0.001
Sex 0.31 1 <0.001
Selection x Generation 0.50 8 <0.001
Survival

Selection regime, generation and sex had a significant effect on lifespan (Table 3) (Fig. 4a,b) and
survival (Fig. S2). The effect of the selection regime on survival differed across generations as indicated
by the significant interaction between selection and generation (Table 3, Fig. 4a,b). Post-hoc analyses
indicated that significant differences between selection regimes started from G (see Table S1 for the
estimated proportional hazards of each group). At G, the risk of dying was greatest in the DS lines
and lowest in the US lines (CT / US: ratio =2.21, p < 0.001; DS / US: ratio = 4.05, p <0.001; CT / DS:
ratio = 0.547, p = 0.014). At Gis, CT lines had the lowest risk of dying (CT / US: ratio = 0.49, = 0.003;
CT /DS: ratio = 0.35, p < 0.001) while the US and DS lines were indistinguishable. At G20 differences

between CT and US as well as DS lines remained (CT / US: ratio = 0.35, p < 0.001; CT / DS: ratio =
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0.21, p <0.001), but the risk of dying was significantly greater in the DS than US lines (DS / US: ratio

= 1.68, p = 0.044).
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Figure 4 Average lifespan of females (a) and males (b) C. cosyra across five generations and issued from
control (CT), downward- (DS) and upward-selected (US) lines. The error bars represent the standard error of
the mean. Downward-selection was performed by allowing females to oviposit only at 5 days after adult

emergence, upward-selection at 25 days after emergence, whereas eggs were collected from controls at 15 days
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A significant interaction between generation and sex (Table 3) indicated that sex differences in survival
varied across generations. Post-hoc analyses indicated that prior to G sex differences were negligible
(see Table S2 for the estimated proportional hazards of each group). At Gio and Gys, mortality risk was
higher in females than males (Gio: ratio=1.71, p<0.001; Gys: ratio = 1.28, p =0.038), but the difference

was not significant when flies reached Gao.
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Figure 5 Average head width of females (a) and males (b) C. cosyra across five generations and issued from
control (CT), downward- (DS) and upward-selected (US) lines. The error bars represent the standard error of

the mean
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Head width

Differences in head width between different selection regimes were generation-dependent (Table 3)
(Fig. 5a,b). CT flies had larger heads than both DS and US lines in G4, Gis and G (Table S3). At Ga,
DS flies had narrower heads than US ones, but from Gio to Gis DS flies had larger heads than US ones
and no difference between them was found at Gy (Table S3). In addition, there was a significant effect
of sex (Table 3) as males had smaller heads than females (coefficient = -0.04, p < 0.001) (Fig. 5a,b).
There was no or only weak correlation between head width and mean lifespan within DS (r=0.14, n =

10, p = 0.690), CT (r = 0.10, n = 10, p = 0.790) or US (r = -0.45, n = 10, p = 0.190) flies.

Discussion

Selecting downwards and upwards on age of female oviposition in C. cosyra affected the timing of peak
egg production in the direction expected: females selected for earlier reproductive investment laid more
of their eggs earlier in life, whereas oviposition peaked later in life in upward selected females. In
contrast, the other traits assayed did not respond to the selection regimes in the manner predicted. There
were modest changes in lifetime egg production between selection lines, with small declines in
fecundity for upward-selected lines in the last generation, but overall, females responded to the selection
regimes by producing a similar number of eggs but adjusting the scheduling of egg production. Unlike
observations in females, most male reproductive traits remained unaffected by selection regime and the
few differences observed were generation dependent. An exception to this was an overall decrease in
sperm transfer in lines selected upwards in comparison with the control lines. Finally, we predicted that
selection upwards on age of female egg laying would increase lifespan in both sexes. While upward-
selected lines benefited from a lifespan extension in the early generations of the selection regime, these
increases in lifespan subsequently plateaued in the upward-selected lines, while they continued to rise
in control lines. In consequence, the later generations of control lines were the longest lived. Altogether,
our results indicate that our selection acted similarly on both female and male lifespan (albeit not
entirely in the manner predicted), whereas reproductive effort of both sexes appears to have evolved

differently with limited changes in males.
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Selecting upwards on the age of egg laying resulted in a postponed peak of egg production and
decreased daily fecundity. Moreover, in the last generation of our selection regime (i.e., G2) we started
to observe a tendency for upward-selected females to produce fewer eggs in their lifetime than control
females. Lifetime fecundity could perhaps have continued to decrease in the subsequent generations, in
much the same way that the number of sperm transferred by males from these lines showed a gradual
decline (see below). This might reflect a late response to our selection regime with females investing
less in reproduction to allocate more to somatic maintenance. Gamete production is energetically costly
in females, and to a lesser extent in males (Hayward and Gillooly 2011), therefore upward-selected flies
might have adapted to the late availability of the oviposition substrate by lowering investment in

gonadic tissues to prioritise the soma until a reproductive opportunity is given.

With the exception of fewer sperm being transferred by upward-selected males than control flies, male
reproductive effort remained largely unaffected by the selection regime. Apart from a few exceptions
with no clear pattern in a specific generation and at a given age, courtship and mating behaviour were
broadly unaffected by selection, and sperm was stored similarly by females (i.e., no differences in sperm
asymmetry between selection regimes). Sperm storage asymmetry may be regarded as a signature of
post-copulatory selection on males in tephritid flies (Pérez-Staples et al. 2007; Pérez-Staples et al.
2014), because it provides a mechanism whereby females can store sperm from different males
separately after remating. We speculate that the lack of differences in sperm storage or asymmetry
between selection regimes means that sperm competition levels were similar across selection regimes.
For example, if females from a given selection regime were more likely to remate than their counterparts
from other lines, we predict that they may have stored sperm unevenly between spermathecae to
discriminate between males. This is particularly true if second-male sperm precedence (i.e., sperm of
the second male is more likely to be used for fertilisation of the eggs) were to occur in C. cosyra, as is
the case in a related species, C. capitata (Scolari et al. 2014). Countering the potential for our selection
regime to affect male reproductive traits is the presence of strong female remating inhibition. Female
Ceratitis flies are unlikely to remate in large numbers when males have access to the nutritional

resources provided in our study (Gavriel et al. 2009; Costa et al. 2012).
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While we found that sperm storage asymmetry was unaffected by the selection regime, it was affected
by age. This was similar to previous observations in C. cosyra (Roets et al. 2018), with the highest
sperm storage asymmetry found at fifteen days of age in our laboratory adapted flies, regardless of
generation. However, asymmetry was not the norm at other ages. Although there was no difference in
mating propensity between ages, and males transferred as much sperm at fifteen days as at twenty-five
days of age, it appears that there is a factor triggering post-copulatory selection by females when mating
with fifteen-day old males. As sperm quantity did not differ, perhaps this was triggered by a difference
in ejaculate quality and future investigations should look at male accessory glands and seminal fluid

proteins (Scolari et al. 2012).

Contrary to expectations, upward selection did not result in the evolution of longer lives in either sex.
Females from lines selected for earlier reproductive effort did live the shortest lives overall after twenty
generations, which may be the signature of a trade-off between lifespan and early reproductive effort.
In another tephritid species, Zeugodacus cucurbitae, where selection on age of reproduction was
applied, a trade-off between lifespan and early fecundity was also observed (Miyatake 1997). This
trade-off has been observed in various populations of D. melanogaster and can represent a physiological
cost of reproduction on survival, or indicate a negative genetic correlation between both traits (Flatt

2011).

Had we stopped the experiment at generation ten, we would have concluded that selecting upwards on
the timing of female reproduction improved lifespan. However, there was an inflection point between
Gio and G5, where the differences in lifespan between selection regimes changed direction. From the
fifteenth generation onwards, while all lines lived longer than the starting unselected population (i.e.,
the starting stock population from which lines originated), flies from control populations lived longer
than flies from either selection regime. The general rise in lifespan across all lines could reflect
laboratory adaptation; even without any selection regime being applied, laboratory adaptation alone can
increase lifespan and fecundity as shown in D. melanogaster (Sgro and Partridge 2000) and Bactrocera
tryoni (Meats et al. 2004; Gilchrist et al. 2012). This may explain our results in part, given that all

selection regimes began in flies that had only been in the laboratory for three generations (although wild
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males were crossed with laboratory-adapted females). One possible explanation for the generational
changes of direction of survival (i.e., where lifespan plateaued in upward-selected lines and was best in
the control lines) is that so few individuals successfully reproduced later in life in the upward selection
regime that the population suffered from a low effective population size and this led to inbreeding and
fitness reduction. Similarly, this could explain poor survival in the downward-selected lines if few flies
had matured by day 5 to contribute to the next generation. However, this seems unlikely, as lifespan of
both sexes for all lines was much longer than the age at which we selected upwards, and so was the age
of peak egg production. In addition, males assayed at 25 days were still showing high mating success
(> 50%) and transferring large numbers of sperm. Variation in body size (i.e., head width) detected in
our study did not vary consistently with lifespan regardless of selection regime. As body size is
associated with fitness in many tephritid flies (e.g., Rodriguero et al. 2002; Ekanayake et al. 2017;
Tejeda et al. 2020), this result also suggests that inbreeding and fitness reductions are unlikely to explain
lack of lifespan improvement in upward-selected C. cosyra. Therefore, it seems improbable that the
decline in lifespan we observed in the upward selected lines can be explained by the costs of inbreeding

alone, although we cannot dismiss variation in effective population sizes as playing a role in outcomes.

The absence of lifespan extension in the upward-selected lines could potentially indicate that the
selection regime was not strong enough, although the strength of the selection could not be determined
here as we did not assay the phenotype of the parents and offspring (i.e., we did not test two consecutive
generations). Nevertheless, the counter-intuitive observations on C. cosyra selected upwards on age of
reproduction could also reflect that offspring quality can decline as a function of parental age. Indeed,
several studies have found a negative relationship between parental age and offspring fitness (reviewed
in Monaghan et al. 2020). These reductions in offspring fitness could reflect declines in the quality of
gametes produced by older parents or for example, deterioration during storage (Moore and Moore
2001; Schroeder et al. 2015; Monaghan et al. 2020). While we lack data showing if such effects on the
phenotype can be cumulative, there are signs that there is potential for the phenotype costs of parental
age to be magnified across generations (Monaghan et al. 2020). This is one potential explanation for

the poor fitness estimates for these upward-selected lines, although this idea needs further testing,
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particularly because the selection for reproductive success at older ages employed here should select
against these costly effects of parental age. Alternatively, these results could also simply reflect standing
genetic variation and more work is needed to determine the causes of the outputs of our selection regime

on the flies selected upwards.

Finally, it is interesting to note that responses of lifespan to selection were broadly similar across the
sexes. This may reflect selection acting in a similar manner directly on female and male age of
reproduction. However, because female remating is typically low in Ceratitis, it is likely that females
in our selected lines mated prior to an egg laying substrate being provided and then used stored sperm
to oviposit. This would relax the direct selection acting on the age of male reproductive effort. Effects
on male lifespan may instead represent correlated responses to selection on females (e.g., if there is a
positive intersexual genetic correlation for lifespan). While this idea is untested, it seems likely that in
the field selection acts similarly on lifespan in both sexes. This is because a similar lifespan in females
and males could represent an adaptation to seasonal host availability in C. cosyra, which is known to
have a distribution closely associated with one of its preferred hosts, the marula tree (Sclerocarya
birrea) (De Villiers et al. 2013). As the species does not undergo diapause, it would be advantageous if
a fraction of the population, both females and males, survive until the next fruiting season. A previous
study supports this idea, showing that C. cosyra has a particularly long lifespan among other tephritid
flies (Malod et al. 2020a). Nevertheless, in C. capitata courting has a direct cost on male lifespan
(Papadopoulos et al. 2010), and in D. melanogaster reproductive activity alters gene expression in
males, which then results in reduced lifespan (Branco et al. 2017). Therefore, further investigations are
needed to determine how selection on age of female reproduction affects male lifespan in mated
individuals. While lifespan responded similarly across the sexes to selection, reproductive scheduling
did not. This may suggest that age-dependent reproductive effort is free to evolve independently across

the sexes, although once again, this idea needs to be tested further.

Conclusion

In conclusion, our results in downward selected flies show the potential for a trade-off between lifespan
and reproduction in females, where late survival could be decreased due to a stronger early reproductive
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effort as a sign of an antagonistic pleiotropic effect (Flatt 2020). In contrast, we did not observe a trade-
off in males, at least not on the measured reproductive traits, but male lifespan responded to the selection
regime on female age of oviposition. Our results are not clear cut and do not follow much established
theory; the usual lifespan extension observed with upward-selection only occurred in the early
generations, and upward-selected lines lived shorter lives than control lines for reasons yet to be
elucidated. Regardless of the selection regime, our results suggest that female and male lifespans evolve
together in C. cosyra, and that it is linked to female reproductive schedule, but that most male
reproductive traits and schedule are dissociated from these evolutionary changes. Due to this, we
suggest that a wider range on non-model organisms and males be included in future assessment of the

trade-off between lifespan and reproduction using laboratory selection studies.
Data availability

Data have been made available to the reviewers as a supplementary file and will be uploaded in the

University of Pretoria online repository upon acceptance.
References

Adler Ml, Cassidy EJ, Fricke C, Bonduriansky R (2013) The lifespan-reproduction trade-off under dietary
restriction is sex-specific and context-dependent. Exp Gerontol 48:539-548

Anderson JL, Reynolds RM, Morran LT, Tolman-Thompson J, Phillips PC (2011) Experimental evolution
reveals antagonistic pleiotropy in reproductive timing but not life span in Caenorhabditis
elegans. ) Gerontol 66A:1300-1308

Archer CR, Sakaluk SK, Selman C, Royle N, Hunt J (2013) Oxidative stress and the evolution of sex
differences in life span and ageing in the decorated cricket, Gryllodes sigillatus. Evolution
67:620-634

Archer CR, Zajitschek F, Sakaluk SK, Royle NJ, Hunt J (2012) Sexual selection affects the evolution of
lifespan and ageing in the decorated cricket Gryllodes sigillatus. Evolution 66:3088-3100

Archer MA, Phelan JP, Beckman KA, Rose MR (2003) Breakdown in correlations during laboratory
evolution. Il. Selection on stress resistance in Drosophila populations. Evolution 57:536-543

Arking R (1987) Successful selection for increased longevity in Drosophila: Analysis of the survival data
and presentation of a hypothesis on the genetic regulation of longevity. Exp Gerontol 22:199-
220

Barnes Al, Boone JM, Jacobson J, Partridge L, Chapman T (2006) No extension of lifespan by ablation
of germ line in Drosophila. Proc Biol Sci 273:939-947

Bates D, Machler M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using Ime4. J Stat
Softw 67:48

Berg EC, Maklakov AA (2012) Sexes suffer from suboptimal lifespan because of genetic conflict in a
seed beetle. Proc Biol Sci 279:4296-4302

29



Bertin S, Scolari F, Guglielmino CR, Bonizzoni M, Bonomi A, Marchini D, Gomulski LM, Gasperi G,
Malacrida AR, Matessi C (2010) Sperm storage and use in polyandrous females of the globally
invasive fruitfly, Ceratitis capitata. ) Insect Physiol 56:1542-1551

Bolund E, Lummaa V, Smith KR, Hanson HA, Maklakov AA (2016) Reduced costs of reproduction in
females mediate a shift from a male-biased to a female-biased lifespan in humans. Sci Rep
6:24672

Bonduriansky R, Maklakov A, Zajitschek F, Brooks R (2008) Sexual selection, sexual conflict and the
evolution of ageing and life span. Funct Ecol 22:443-453

Borash DJ, Rose MR, Mueller LD (2007) Mutation accumulation affects male virility in Drosophila
selected for later reproduction. Physiol Biochem Zool 80:461-72

Branco AT, Schilling L, Silkaitis K, Dowling DK, Lemos B (2017) Reproductive activity triggers
accelerated male mortality and decreases lifespan: genetic and gene expression determinants
in Drosophila. Heredity 118:221-228

Carey JR (2011) Biodemography of the Mediterranean fruit fly: Aging, longevity and adaptation in the
wild. Exp Gerontol 46:404-411

Carey JR, Harshman LG, Liedo P, Muller HG, Wang JL, Zhang Z (2008a) Longevity-fertility trade-offs in
the tephritid fruit fly, Anastrepha ludens, across dietary-restriction gradients. Aging Cell 7:470-
477

Carey JR, Liedo P, Miller H-G, Wang J-L, Senturk D, Harshman L (2005) Biodemography of a long-lived
tephritid: reproduction and longevity in a large cohort of female Mexican fruit flies,
Anastrepha ludens. Exp Gerontol 40:793-800

Carey JR, Molleman F (2010) Reproductive aging in tephritid fruit flies. Ann N Y Acad Sci 1204:139-148

Carey JR, Papadopoulos NT, Miiller H-G, Katsoyannos BI, Kouloussis NA, Wang J-L, Wachter K, Yu W,
Liedo P (2008b) Age structure changes and extraordinary lifespan in wild medfly populations.
Aging Cell 7:426-437

Carey JR, Roach DA, Vaupel JW (2020) Biodemography: an introduction to concepts and methods.
Princeton University Press

Carnes MU, Campbell T, Huang W, Butler DG, Carbone MA, Duncan LH, Harbajan SV, King EM, Peterson
KR, Weitzel A, Zhou S, Mackay TFC (2015) The genomic basis of postponed senescence in
Drosophila melanogaster. PLoS ONE 10:e0138569

Carvalho S, Phillips PC, Teotdénio H (2014) Hermaphrodite life history and the maintenance of partial
selfing in experimental populations of Caenorhabditis elegans. BMC Evol Biol 14:117

Chen EH, Wei D, Wei DD, Yuan JJ (2013) The effect of dietary restriction on longevity, fecundity, and
antioxidant responses in the oriental fruit fly, Bactrocera dorsalis (Hendel) (Diptera:
Tephritidae). J Insect Physiol 59:1008-1016

Chen H-y, Spagopoulou F, Maklakov AA (2016) Evolution of male age-specific reproduction under
differential risks and causes of death: males pay the cost of high female fitness. J Evol Biol
29:848-856

Costa AM, Anjos-Duarte CS, Roriz AKP, Dias VS, Joachim-Bravo IS (2012) Male diet and age influence
to inhibit female remating in Ceratitis capitata (Diptera: Tephritidae). J Appl Entomol 136:456-
463

Crawley MJ (2013) The R book. Second edition. Chichester, West Sussex, United Kingdom : Wiley,
2013.

De Villiers M, Manrakhan A, Addison P, Hattingh V (2013) The distribution, relative abundance, and
seasonal phenology of Ceratitis capitata, Ceratitis rosa, and Ceratitis cosyra (Diptera:
Tephritidae) in South Africa. Environ Entomol 42:831-840

Degner EC, Harrington LC (2016) A mosquito sperm's journey from male ejaculate to egg: Mechanisms,
molecules, and methods for exploration. Mol Reprod Dev 83:897-911

Pordevi¢ M, Savkovi¢ U, Lazarevi¢ J, Tuci¢ N, Stojkovi¢ B (2015) Intergenomic interactions in hybrids
between short-lived and long-lived lines of a seed beetle: analyses of life history traits.
Evolutionary Biology 42:461-472

30



Edward D, Chapman T (2011) Mechanisms underlying reproductive trade-offs: Costs of reproduction.

Ekanayake EWMTD, Clarke AR, Schutze MK (2017) Effect of body size, age, and premating experience
on male mating success in Bactrocera tryoni (Diptera: Tephritidae). ] Econ Entomol 110:2278-
2281, 4

Engstrom G, Liljedahl LE, Bjorklund T (1992) Expression of genetic and environmental variation during
ageing. Theor Appl Genet 85:26-32

Fanson BG, Fanson KV, Taylor PW (2012) Cost of reproduction in the Queensland fruit fly: Y-model
versus lethal protein hypothesis. Proc Biol Sci 279:4893-4900

Fanson BG, Taylor PW (2012) Protein:carbohydrate ratios explain life span patterns found in
Queensland fruit fly on diets varying in yeast:sugar ratios. AGE 34:1361-1368

Fanson BG, Weldon CW, Perez-Staples D, Simpson SJ, Taylor PW (2009) Nutrients, not caloric
restriction, extend lifespan in Queensland fruit flies (Bactrocera tryoni). Aging Cell 8:514-523

Flatt T (2011) Survival costs of reproduction in Drosophila. Exp Gerontol 46:369-375

Flatt T (2020) Life-history evolution and the genetics of fitness components in Drosophila
melanogaster. Genetics 214:3-48

Flatt T, Min K-J, D'Alterio C, Villa-Cuesta E, Cumbers J, Lehmann R, Jones DL, Tatar M (2008) Drosophila
germ-line modulation of insulin signaling and lifespan. Proc Natl Acad Sci USA 105:6368-6373

Flatt T, Schmidt PS (2009) Integrating evolutionary and molecular genetics of aging. Biochimica et
Biophysica Acta (BBA) - General Subjects 1790:951-962

Foucaud J, Hufbauer RA, Ravigné V, Olazcuaga L, Loiseau A, Ausset A, Wang S, Zang L-S, Leménager N,
Tayeh A, Weyna A, Gneux P, Bonnet E, Dreuilhe V, Poutout B, Estoup A, Facon B (2020) How
do invasion syndromes evolve? An experimental evolution approach using the ladybird
Harmonia axyridis. bioRxiv:849968

Fritz AH (2004) Sperm storage patterns in singly mated females of the Caribbean fruit fly, Anastrepha
suspensa (Diptera: Tephritidae). Ann Entomol Soc Am 97:1328-1335

Gavriel S, Gazit Y, Yuval B (2009) Remating by female Mediterranean fruit flies (Ceratitis capitata,
Diptera: Tephritidae): Temporal patterns and modulation by male condition. J Insect Physiol
55:637-642

Gilchrist AS, Cameron EC, Sved JA, Meats AW (2012) Genetic consequences of domestication and mass
rearing of pest fruit fly Bactrocera tryoni (Diptera: Tephritidae). J Econ Entomol 105:1051-1056

Harrison XA (2014) Using observation-level random effects to model overdispersion in count data in
ecology and evolution. Peer) 2:e616-e616

Hayward A, Gillooly JF (2011) The cost of sex: quantifying energetic investment in gamete production
by males and females. PLoS ONE 6:e16557

Hughes KA (1995) The evolutionary genetics of male life-history characters in Drosophila
melanogaster. Evolution 49:521-537

Hunt J, Brooks R, Jennions MD, Smith MJ, Bentsen CL, Bussiere LF (2004) High-quality male field
crickets invest heavily in sexual display but die young. Nature 432:1024-1027

Hunt J, Jennions MD, Spyrou N, Brooks R (2006) Artificial selection on male longevity influences age-
dependent reproductive effort in the black field cricket Teleogryllus commodus. The American
Naturalist 168:E72-E86

Jones OR, Scheuerlein A, Salquero-Gomez R, Camarda CG, Schaible R, Casper BB, Dahlgren JP, Ehrlen
J, Garcia MB, Menges ES, Quintana-Ascensio PF, Caswell H, Baudish A, Vaupel JW (2014)
Diversity of ageing across the tree of life. Nature 505:169-173

Kawecki TJ, Lenski RE, Ebert D, Hollis B, Olivieri |, Whitlock MC (2012) Experimental evolution. Trends
Ecol Evol 27:547-560

Kirkwood TBL (1977) Evolution of ageing. Nature 270:301-304

Luckinbill LS, Arking R, Clare MJ, Cirocco WC, Buck SA (1984) Selection for Delayed Senescence in
Drosophila melanogaster. Evolution 38:996-1003

31



Malod K, Archer CR, Hunt J, Nicolson SW, Weldon CW (2017) Effects of macronutrient intake on the
lifespan and fecundity of the marula fruit fly, Ceratitis cosyra (Tephritidae): Extreme lifespan
in a host specialist. Ecol Evol 7:9808-9817

Malod K, Archer CR, Karsten M, Cruywagen R, Howard A, Nicolson SW, Weldon CW (2020a) Exploring
the role of host specialisation and oxidative stress in interspecific lifespan variation in
subtropical tephritid flies. Sci Rep 10:5601

Malod K, Roets PD, Oosthuizen C, Blount JD, Archer CR, Weldon CW (2020b) Selection on age of female
reproduction in the marula fruit fly, Ceratitis cosyra (Walker) (Diptera: Tephritidae), decreases
total antioxidant capacity and lipid peroxidation. J Insect Physiol:104084

Manrakhan A, Lux SA (2006) Contribution of natural food sources to reproductive behaviour, fecundity
and longevity of Ceratitis cosyra, C. fasciventris and C. capitata (Diptera: Tephritidae). Bull
Entomol Res 96:259-268

May CM, van den Heuvel J, Doroszuk A, Hoedjes KM, Flatt T, Zwaan BJ (2019) Adaptation to
developmental diet influences the response to selection on age at reproduction in the fruit
fly. J Evol Biol 32:425-437

McLean EM, Archie EA, Alberts SC (2019) Lifetime fitness in wild female baboons: trade-offs and
individual heterogeneity in quality. The American Naturalist 194:745-759

Meats A, Holmes HM, Kelly GL (2004) Laboratory adaptation of Bactrocera tryoni (Diptera:
Tephritidae) decreases mating age and increases protein consumption and number of eggs
produced per milligram of protein. Bull Entomol Res 94:517-524

Miyatake T (1997) Genetic trade-off between early fecundity and longevity in Bactrocera cucurbitae
(Diptera: Tephritidae). Heredity 78:93-100

Moatt JP, Nakagawa S, Lagisz M, Walling CA (2016) The effect of dietary restriction on reproduction:
a meta-analytic perspective. BMC Evol Biol 16:199

Moton M, Dampc J, Kula-Maximenko M, Zebrowski J, Moton A, Dobler R, Durak R, Skoczowski A (2020)
Effects of temperature on lifespan of Drosophila melanogaster from different genetic
backgrounds: links between metabolic rate and longevity. Insects 11:470

Monaghan P, Maklakov AA, Metcalfe NB (2020) Intergenerational transfer of ageing: parental age and
offspring lifespan. Trends Ecol Evol 35:927-937

Moore PJ, Moore AJ (2001) Reproductive aging and mating: The ticking of the biological clock in female
cockroaches. Proc Natl Acad Sci U S A Biol Sci 98:9171-9176

Nakagawa S, Lagisz M, Hector KL, Spencer HG (2012) Comparative and meta-analytic insights into life
extension via dietary restriction. Aging Cell 11:401-409

Papadopoulos NT, Liedo P, Miiller H-G, Wang J-L, Molleman F, Carey JR (2010) Cost of reproduction in
male medflies: The primacy of sexual courting in extreme longevity reduction. J Insect Physiol
56:283-287

Papanastasiou SA, Nakas CT, Carey JR, Papadopoulos NT (2013) Condition-Dependent Effects of
Mating on Longevity and Fecundity of Female Medflies: The Interplay between Nutrition and
Age of Mating. PLoS ONE 8:e70181

Partridge L, Fowler K (1992) Direct and correlated responses to selection on age at reproduction in
Drosophila melanogaster. Evolution 46:76-91

Partridge L, Prowse N, Pignatelli P (1999) Another set of responses and correlated responses to
selection on age at reproduction in Drosophila melanogaster. Proceedings of the Royal Society
of London Series B: Biological Sciences 266:255-261

Perez-Staples D, Aluja M (2006) Sperm allocation and cost of mating in a tropical tephritid fruit fly. J
Insect Physiol 52:839-845

Pérez-Staples D, Cdrdova-Garcia G, Aluja M (2014) Sperm dynamics and cryptic male choice in
tephritid flies. Anim Behav 89:131-139

Pérez-Staples D, Harmer AMT, Taylor PW (2007) Sperm storage and utilization in female Queensland
fruit flies (Bactrocera tryoni). Physiol Entomol 32:127-135

32



Remolina SC, Chang PL, Leips J, Nuzhdin SV, Hughes KA (2012) Genomic basis of aging and life-history
evolution in Drosophila melanogaster. Evolution 66:3390-3403

Rodriguero MS, Vilardi JC, Vera MT, Cayol JP, Rial E (2002) Morphometric traits and sexual selection
in medfly (Diptera: Tephritidae) under field cage conditions. Fla Entomol 85:143-149

Roets PD, Bosua H, Archer CR, Weldon CW (2018) Life history and demographic traits of the marula
fruit fly, Ceratitis cosyra (Walker) (Diptera: Tephritidae): potential consequences of host
specialisation. Physiol Entomol 43:259-267

Roff DA, Fairbairn DJ (2007) The evolution of trade-offs: where are we? J Evol Biol 20:433-447

Rose MR (1984) Laboratory evolution of postponed senescence in Drosophila melanogaster. Evolution
38:1004-1010

Rose MR, Charlesworth B (1981) Genetics of life history in Drosophila melanogaster. 1. Exploratory
selection experiments. Genetics 97:187-96

Russell JJ, Theriot JA, Sood P, Marshall WF, Landweber LF, Fritz-Laylin L, Polka JK, Oliferenko S, Gerbich
T, Gladfelter A, Umen J, Bezanilla M, Lancaster MA, He S, Gibson MC, Goldstein B, Tanaka EM,
Hu C-K, Brunet A (2017) Non-model model organisms. BMC Biol 15:55

Russell L (2020) emmeans: estimated marginal means, aka least-squares means. R package version
146

Salguero-Gémez R, Jones OR (2017) Life history trade-offs modulate the speed of senescence. In: The
evolution of senescence in the tree of life. Cambridge University Press, pp 403-421

Salguero-Gémez R, Jones OR, Jongejans E, Blomberg SP, Hodgson DJ, Mbeau-Ache C, Zuidema PA, de
Kroon H, Buckley YM (2016) Fast—slow continuum and reproductive strategies structure plant
life-history variation worldwide. Proc Natl Acad Sci USA 113:230-235

Scannapieco AC, Sambucetti P, Norry FM (2009) Direct and correlated responses to selection for
longevity in Drosophila buzzatii. Biol J Linn Soc 97:738-748

Schnakenberg SL, Matias WR, Siegal ML (2011) Sperm-storage defects and live birth in Drosophila
females lacking spermathecal secretory cells. PLoS Biol 9:e1001192

Schroeder J, Nakagawa S, Rees M, Mannarelli M-E, Burke T (2015) Reduced fitness in progeny from
old parents in a natural population. Proc Natl Acad Sci USA 112:4021-4025

Scolari F, Gomulski LM, Ribeiro JMC, Siciliano P, Meraldi A, Falchetto M, Bonomi A, Manni M, Gabrieli
P, Malovini A, Bellazzi R, Aksoy S, Gasperi G, Malacrida AR (2012) Transcriptional profiles of
mating-responsive genes from testes and male accessory glands of the Mediterranean fruit
fly, Ceratitis capitata. PLoS ONE 7:e46812

Scolari F, Yuval B, Gomulski LM, Schetelig MF, Gabrieli P, Bassetti F, Wimmer EA, Malacrida AR, Gasperi
G (2014) Polyandry in the medfly - shifts in paternity mediated by sperm stratification and
mixing. BMC Genetics 15:510

Sgro CM, Partridge L (2000) Evolutionary responses of the life history of wild-caught Drosophila
melanogaster to two standard methods of laboratory culture. The American Naturalist
156:341-353

Sgro CM, Partridge L (1999) A delayed wave of death from reproduction in Drosophila. Science
286:2521-2524

Shelly TE (2018) Sexual selection on leks: a fruit fly primer. Journal of Insect Science 18

Simons MJP, Koch W, Verhulst S (2013) Dietary restriction of rodents decreases aging rate without
affecting initial mortality rate — a meta-analysis. Aging Cell 12:410-414

Stearns SC (1989) Trade-offs in life-history evolution. Funct Ecol 3:259-268

Stearns SC (2000) Life history evolution: successes, limitations, and prospects. Naturwissenschaften
87:476-486

Stearns SC, Ackermann M, Doebeli M, Kaiser M (2000) Experimental evolution of aging, growth, and
reproduction in fruitflies. Proc Natl Acad Sci USA 97:3309-3313

Stearns SC, Rodrigues AMM (2020) On the use of “life history theory” in evolutionary psychology. Evol
Hum Behav 41:474-485

33



Taylor PW, Kaspi R, Yuval B (2000) Copula duration and sperm storage in Mediterranean fruit flies
from a wild population. Physiol Entomol 25:94-99

Tejeda MT, Arredondo J, Diaz-Fleischer F, Pérez-Staples D (2020) Does size matter? Mate choice in
two lekking flies. Journal of Insect Science 20

Therneau TM (2015) A Package for Survival Analysis in S. version 2.38.

Tucié N, Cvetkovi¢ D, Stojikovi¢ V, Bejakovi¢ D (1990) The effects of selection for early and late
reproduction on fecundity and longevity in bean weevil (Acanthoscelides obtectus). Genetica
80:221-227

Twig E, Yuval B (2005) Function of multiple sperm storage organs in female Mediterranean fruit flies
(Ceratitis capitata, Diptera: Tephritidae). J Insect Physiol 51:67-74

Williams GC (1957) Pleiotropy, natural selection, and the evolution of senescence. Evolution 11:398-
411

Wolfner MF (2011) Precious essences: female secretions promote sperm storage in Drosophila. PLoS
Biol 9:1001191

Yap S, Fanson BG, Taylor PW (2015) Mating Reverses Actuarial Aging in Female Queensland Fruit Flies.
PLoS ONE 10:e0132486

Zajitschek F, Bonduriansky R, Zajitschek SRK, Brooks RC (2009) Sexual dimorphism in life history: age,
survival, and reproduction in male and female field crickets Teleogryllus commodus under
seminatural conditions. The American Naturalist 173:792-802

Zajitschek F, Hunt J, Zajitschek SRK, Jennions MD, Brooks R (2007) No intra-locus sexual conflict over
reproductive fitness or ageing in field crickets. PLoS ONE 2:e155

Zajitschek S, Zajitschek F, Josway S, Al Shabeeb R, Weiner H, Manier MK (2019) Costs and benefits of
giant sperm and sperm storage organs in Drosophila melanogaster. ) Evol Biol 32:1300-1309

Zwaan B, Bijlsma R, Hoekstra RF (1995) Direct selection on life span in Drosophila melanogaster.
Evolution 49:649-659

34



